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INTRODUCTION
Hemolytic uremic syndrome (HUS) is a thrombotic microangiopathy that is clinically defined by thrombocytopenia, nonimmune hemolytic anemia, and acute renal failure, and is broadly categorized into two classes. Typical or diarrhea-associated (Dþ) HUS accounts by far for the majority of cases and develops secondary to gastrointestinal infection with Shiga toxin (Stx)-producing Escherichia coli (STEC) [1, 2] . Young children are especially at high risk of developing HUS following STEC infection, and the disease is a leading cause of pediatric acute renal failure. On the other hand, atypical HUS accounts for only 10% of cases and has a poor prognosis [1] , with a 25% mortality rate and endstage renal disease (ESRD) in 50% of patients [2] . Familial and sporadic cases of atypical HUS are associated with genetic mutations or acquired deficiencies in complement regulation. Such defects predispose individuals to develop HUS often in the context of an environmental trigger such as pregnancy, nonenteric infection, malignancy, transplantation, and drugs [2] .
A recent, high-profile outbreak of STEC in Germany in the middle of 2011 was associated with an unprecedented number of HUS cases and has reengaged the public and medical profession with this global health issue. This review focuses on these latest events in Dþ HUS and recent advances in understanding the mechanistic basis of this disease.
OVERVIEW OF TYPICAL HEMOLYTIC UREMIC SYNDROME
for E. coli O157:H7, although secondary infection through person-to-person contact and swimming water may also occur [3] . Dþ HUS is most prevalent in infants and young children, and occurs in 5-15% of cases [4, 5] . The risk of mortality or ESRD is 12% and long-term renal sequelae are reported in 25% of survivors [6] .
Histopathology shows fibrin-rich microvascular thrombi in the renal glomeruli, although thrombosis can also occur in preglomerular arterioles and medium-sized vessels. Endothelial swelling and detachment from the glomerular basement membrane is accompanied by subendothelial deposits and narrowing of the vessel lumen [7] . Thrombocytopenia results from platelet consumption in thrombi, and red blood cell fragmentation occurs as the cells pass through thrombosed vessels. These events occur primarily in the kidneys, but extrarenal complications may develop, particularly in the central nervous system in 10 to up to 50% of patients [4, 8] . Clinical and pathological involvement of the gastrointestinal tract, lungs, heart, and pancreas is probably under-recognized.
No specific treatments currently exist for Dþ HUS, and patients receive supportive care to manage the gastrointestinal, hematologic, vascular, and renal symptoms. Alternative approaches to antimicrobial treatment are necessary to inhibit disease progression, as antibiotic and antimotility agents may increase the risk of progression to HUS [8] . In fact, antibiotics are now recognized to potentiate the synthesis and release of Stxs from enterohemorrhagic E. coli [9 & ]. Curiously, not every patient infected with STEC progresses to HUS and it can be hypothesized that individual genetic predisposition plays a role; however, such factors have yet to be identified. The inability to predict in which patients progression to HUS is imminent is still a significant obstacle facing clinicians. A well designed study to assess affected pedigree members versus incidence in genetically unrelated individuals is required. Sadly, the frequent occurrences of food-associated or water-associated epidemics represent appropriate settings for such studies.
SHIGA TOXIN-MEDIATED PATHOGENESIS
Stx is quintessential to HUS pathogenesis following STEC infection. Stx-mediated damage to the endothelium is thought to be the inciting event leading to thrombotic microangiopathy [6, 10] . The toxins are released by STEC in the gastrointestinal tract and translocate across the intestinal epithelium into the systemic circulation, where they bind to globotriaosylceramide (Gb3) expressed on the surface of susceptible host cells, including the glomerular endothelium [11] . The Stx family comprises Stx1 and Stx2 together with their variants, Stx1c, Stx2c, Stx2d, Stx2e, Stx2f, and Stx2g. These AB 5 protein toxins consist of a homopentameric ring of receptor-binding B subunits and a single enzymatic A subunit that depurinates host 28S rRNA and inhibits protein synthesis [12] . Although classically viewed as ribosome inactivators causing cell injury and death through inhibition of protein translation, it is becoming increasingly apparent that at concentrations that have negligible effects on protein synthesis, Stxs have dramatic effects on gene expression and RNA metabolism, essentially altering the endothelial phenotype (Fig. 1) [10,13,14 & ]. Basally, the endothelium exhibits a vasodilatory profile, is thrombo-resistant, antiadhesive, and anti-inflammatory. However, in the presence of Stx, increased endothelial expression of hallmark proadhesive, prothrombotic, and inflammatory molecules is observed [10] . The important effect of Stx on enhancing endothelial monolayer permeability is increasingly recognized. However, the factors that mediate these effects are poorly understood.
EMERGENCE OF HYBRID ORGANISMS GIVE A NEW FACE TO HEMOLYTIC UREMIC SYNDROME
Karmali et al.'s [15] seminal reports over 25 years ago made the association between STEC infection and sporadic cases of HUS. Since then, E. coli O157:H7 has become recognized as the leading cause of HUS globally [4, 16] . Beginning in May 2011, an unprecedented STEC outbreak struck Germany, and affected 15 other European and North American countries. Contaminated sprouts were incriminated as the source of the outbreak [17 & ]. The Robert Koch
KEY POINTS
The emergence of new, hypervirulent Shiga toxinproducing microorganisms via horizontal gene transfer highlights the continuing threat to public health and the need to develop specific therapeutic options.
Institute officially declared the outbreak over on 26 July 2011, but not before 3816 people in Germany became ill [18 && ]. Among these, 845 individuals developed HUS and 54 deaths were reported (HUS and gastroenteritis combined) [18 && ]. Elsewhere, 51 cases of HUS and 2 deaths were linked to the outbreak [18 && ]. Several key and remarkably unusual clinical features of this outbreak are highlighted below.
Unlike typical STEC outbreaks in which young children are most often affected, 88% of HUS cases in the German outbreak occurred in adults (i.e., >17 years; median age, 42) [18 && ], and only 2% of HUS patients were under the age of 5 years [19] . Curiously, women were disproportionately affected (68% of cases in women vs. 56% between 2001 and 2010 in Germany) [19] . The median incubation period to the onset of diarrhea was longer than usual at 8 days [19] . Another unusual aspect of this outbreak was the higher proportion of individuals who developed HUS. A total of 20-22% of infected patients progressed to HUS, highlighting the increased virulence of the causative agent [18 && ]. Early reports indicated that an alarmingly high proportion of HUS patients developed neurological complications, while HUS seemed to be resolving [7, 20] (Table 1) .
What exactly was responsible for this unusual outbreak? The exceptionally virulent pathogen responsible for the German outbreak was identified as E. coli O104:H4, an enteroaggregative E. coli (EAEC) that colonizes the bowel in a characteristic 'stacked brick' pattern and normally causes watery diarrhea in children, travelers' diarrhea, and persistent diarrhea in HIV patients [24, 25] . The organism could not be isolated from cattle in northern Germany, and it appears it may not have a zoonotic origin [26] . Unlike O157:H7, O104:H4 had not previously been associated with large HUS outbreaks, and until May 2011 E. coli O104:H4 had only been associated with a handful of sporadic HUS cases [25, 27] . Additionally, the German outbreak prompted retrospective analysis of an isolate obtained in 2009 from a pediatric HUS patient in Italy, which was also shown to be O104:H4 [28] . Genomic sequencing of the German isolate indicated it was, surprisingly, a hybrid organism, possessing features common to both EAEC and STEC [21 && ,22 && ,23 & ] ( Table 1 ). Comparison to historic O104:H4 isolates indicated the current strain had acquired the stx2 gene (Stx2a variant) and extendedspectrum b-lactamase production via horizontal gene transfer [9 & ]. That an organism not typically associated with HUS could cause such a significant outbreak upon acquiring the unusual capacity to produce Stx underscores the seminal role that the toxin plays in the pathophysiology of HUS. Why adults were primarily affected in this outbreak is intriguing. Whether this reflects variations in the consumption of contaminated sprouts by adults and children, and the ability of the EAEC to colonize the bowel of adults compared with children remain to be determined. Interestingly, the fact that more adults experienced hemorrhagic colitis, while vomiting was more common in children, could possibly be related to differences in susceptibility to intestinal colonization [18 && ]. The sad lesson learned from this outbreak is that exchange of genetic material among organisms can lead to the emergence of dangerously hypervirulent pathogens, targeting unexpected populations. The long incubation period also confounded epidemiological assessments of common source contaminants. This event underscores the importance of testing for the presence of Stx and not relying solely on E. coli serotype. Furthermore, an emphasis should be placed on food and water safety in order to control the spread of STEC and related HUS cases. Several newer approaches to therapy were assessed in this epidemic. The use of anti-C5 (eculizumab) and immunoadsorption therapy are discussed below. In addition, Colic et al. [29] treated five adult patients with plasma exchange and suggest that early plasma exchange correlated with reduced lactate dehydrogenase. However, the use of plasma exchange as the first-line therapy for Dþ HUS remains controversial.
A ROLE FOR COMPLEMENT IN TYPICAL HEMOLYTIC UREMIC SYNDROME
Mutations in complement regulatory genes are found in 50% of patients with atypical HUS [30] . Until recently, studies on the involvement of complement in Dþ HUS were lacking. However, there is now growing evidence for a role for activation of complement in this disease. Elevated levels of the terminal complement complex (TCC) were reported in a small group of children with STEC-mediated HUS [31] . Purified Stx was found to induce formation of TCC when incubated with normal serum in vitro [32] . In addition, Stx was shown to bind factor H and this binding delayed cell surface factor H activity [32] . These in-vitro studies used relatively high concentrations of toxin, which is not detectable in patient blood, and whether these events have a role in HUS patients remains to be determined.
More recently, Morigi et al. [33 & ] demonstrated that Stx-mediated upregulation of P-selectin on microvascular endothelial cells increased C3 deposits and favored platelet thrombus formation under flow conditions in vitro. This resulted in increased C3a levels that, in turn, further enhanced P-selectin expression [33 & ]. These results were confirmed in vivo in a mouse model. In an independent study, increased levels of C3 were observed on plateletleukocyte complexes in a patient with Dþ HUS compared with levels at recovery and with normal controls [34] . This study also demonstrated increased levels of TCC in the acute phase of disease in HUS patients, further supporting the work by Orth et al. [32] .
Eculizumab (Soliris, Alexion Pharmaceuticals, Cheshire CT, USA) was approved by the U.S. Food and Drug Administration (FDA) in September 2011 for the treatment of atypical HUS. It is currently the most expensive drug on the market at a cost exceeding 400 000 USD per patient per year for patients being treated for paroxysmal nocturnal hemoglobinuria [35] . The humanized monoclonal antibody directed against C5 prevents cleavage to C5a and C5b and inhibits TCC formation. During the German outbreak, Lapeyraque et al. [36 & ] reported the use of eculizumab with promising results in three 3-year-old patients suffering from severe Dþ HUS with neurologic involvement. In an effort to determine the utility of eculizumab in STEC-mediated HUS, the drug was administered free of charge to over 200 patients affected by the German outbreak [1] . Patient outcomes have yet to be reported. The sum of these recent data suggests that uncontrolled activation of complement is an important facet not only of atypical HUS but also of typical HUS, and they highlight the need for well designed studies. A complicating factor is that controlled trials are difficult to implement during an infectious outbreak, especially one that crosses international boundaries.
PATHOPHYSIOLOGY OF LATE-ONSET SYMPTOMS IN TYPICAL HEMOLYTIC UREMIC SYNDROME
The 2011 outbreak has provided important insight into the pathogenesis of neurological complications accompanying Dþ HUS. Greinacher et al. [37 & ] conducted a noncontrolled, prospective trial of 12 adult patients with severe neurological complications and recent E. coli O104:H4 infection who did not respond to eculizumab therapy or plasma exchange. Delayed neurological symptoms in these patients suggested to them the possibility that an immunemediated pathogenesis was operative. Therefore, immunoadsorption therapy was used to deplete IgG. Over 80% of patients experienced complete recovery of neurological and renal function in this study. A competing model is the interaction between the host and the Stx-producing bacterium. Just as the time from contaminated food source to diarrhea is prolonged in this adult-enriched 2011 cohort, it is possible that the systemic access of the toxin is also prolonged in this new disease. Complicating our understanding of these clinical features is the prior realization that even for water-borne E. coli O157:H7-associated HUS epidemics, mortality is evident predominantly in older patients and is associated with neurological involvement [38] . The unfortunate epidemic underscores that myriad organs are affected by Stx: blood, bone marrow, and kidney, but also brain and heart, among others. The role of anti-Stx and anticomplement factor H responses in organ injury merits closer scrutiny. It has also been suggested that differences in the effectiveness of eculizumab between adults infected with O104:H4 and children infected with O157:H7 may be because of the differences in E. coli serotype or age-related differences in complement activation [39] .
RECENT BASIC ADVANCES IN UNDERSTANDING SHIGA TOXIN PATHOGENESIS
A better understanding of Stx biology is crucial to improved patient therapies. A recent report describes a novel in-vitro model for the study of Stx effects on the microvasculature [40 & ]. This 3-dimensional, 'endothelialized' microfluidic chamber allows the study of Stx in a physiologically relevant setting that recapitulates in-vivo size scale and hemodynamics. This model will be useful in studying complex biological processes of Stxmediated thrombosis and vessel occlusion in vitro.
A second recent study shed light on the intracellular trafficking of Stx and how it may be targeted therapeutically [41 & ]. Mn 2þ was shown to block retrograde transport of Stx to the Golgi, a requisite step in Stx cellular intoxication, and resulted in lysosomal degradation (Fig. 2) . When Mn 2þ was given daily to mice beginning 5 days before the injection of Stx1, and then daily after the toxin, survival was enhanced. As it is not clear when in the course of disease Stx is released and reaches target organs, it is important to also consider additional therapeutic approaches aimed at inhibiting pathogenesis after it has already started and the patient has presented with symptoms. Therefore, studies on the effectiveness of Mn 2þ on animal survival beginning after Stx challenge are warranted.
THE CXCR4/SDF-1 CHEMOKINE PATHWAY IN HEMOLYTIC UREMIC SYNDROME PATHOGENESIS
Recent studies in our laboratory have shown that Stx-mediated activation of the CXCR4/stromal cellderived factor 1 (SDF-1) pathway contributes to Stx-associated disease [14 & ]. CXCR4 is a chemokine receptor whose endogenous ligand is SDF-1. The pathway is crucial in the development of the vascular beds affected in HUS, namely the renal glomerulus and gastrointestinal vessels [43, 44] . Postnatally, it plays roles in vascular repair [45, 46] , but may also be pathogenic when overactivated [47] . Using an unbiased gene-expression profiling approach, we observed upregulation of both CXCR4 and SDF-1 mRNA by Stx in microvascular endothelial cells. SDF-1 levels also increased in the blood of Stx-treated animals [14 & ]. Inhibition of CXCR4/SDF-1 interaction with the drug plerixafor (also known as AMD3100 and Mozobil, Genzyme Corporation, Cambridge, MA, USA) inhibited platelet adhesion to endothelial cells in vitro (Fig. 3) . In vivo, the drug improved animal survival when administered in a therapeutic regimen (i.e., after toxin challenge) and was found to reduce the markers of kidney dysfunction and restore platelet levels (Fig. 3) . To determine the relevance of these experimental findings in HUS patients, SDF-1 blood levels were measured in a prospective cohort of pediatric HUS patients with documented O157:H7 infection. The samples were obtained from children with uncomplicated infection and children in whom HUS subsequently developed. Hematocrit, platelet counts, and serum creatinine levels were normal in both groups. Despite the absence of clinically evident microangiopathic changes and renal insufficiency, the children in whom HUS ]. This finding supports the survival data in that the CXCR4/SDF-1 pathway contributes to HUS pathogenesis, but also suggests the intriguing possibility that SDF-1 could potentially serve as a biomarker to help predict patient outcome after STEC infection. Currently, clinicians cannot predict who will develop complications leading to HUS and who will recover spontaneously, as it is impossible to differentiate between the two clinically identical populations at presentation. The use of a prognostic marker from a simple blood test at presentation could allow for more aggressive treatment in the population at high risk for HUS. If further studies confirm these findings in a broader cohort, regardless of STEC serotype or patient age, there would be a strong argument for trials with plerixafor, which is already FDA approved for use in autologous stem cell transplantation in patients with non-Hodgkin's lymphoma and multiple myeloma.
CONCLUSION
HUS following STEC infection is an important global health concern. The emergence of new, more virulent pathogens and changing demographics in 2011 remind us of the importance of an improved understanding of the pathogenic mechanisms driving the disease. Considerable advances have been made in the last year toward elucidating these mechanisms and these novel concepts warrant further study toward the development of new therapeutic options. Shiga toxin + AMD3100/plerixafor FIGURE 3. The contribution of the CXCR4/SDF-1 pathway to Shiga toxin (Stx) pathophysiology. Stx induces changes in endothelial gene expression and phenotype. Among the changes observed is detachment of the endothelium to expose the underlying basement membrane, subendothelial edema, and increased platelet adhesion. In vivo, this is accompanied by thrombocytopenia and red blood cell (RBC) fragmentation. CXCR4 and its ligand, SDF-1, are upregulated by Stx both in vitro and in vivo. Inhibition of CXCR4/SDF-1 interaction in vitro using plerixafor prevents Stx-mediated platelet adhesion to the endothelium under flow conditions. In vivo, plerixafor restores platelets to basal levels in an animal model of Stx challenge, and significantly attenuates Stx-mediated mortality. Individuals infected with E. coli O157:H7 exhibit elevated SDF-1 levels prior to onset of clinical features of hemolytic uremic syndrome. Taken together, these findings implicate an important role for the CXCR4/SDF-1 pathway in Stx-mediated pathogenesis. Gb3, globotriaosylceramide.
